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Abstract Numerical simulations and experimental research are both carried out to investigate the
controlled eﬀect of spanwise oscillating Lorentz force on a turbulent channel ﬂow. The variations
of the streaks and the skin friction drag are obtained through the PIV system and the drag
measurement system, respectively. The ﬂow ﬁeld in the near-wall region is shown through direct
numerical simulations utilizing spectral method. The experimental results are consistent with the
numerical simulation results qualitatively, and both the results indicate that the streaks are tilted
into the spanwise direction and the drag reduction utilizing spanwise oscillating Lorentz forces can be
realized. The numerical simulation results reveal more detail of the drag reduction mechanism which
can be explained, since the spanwise vorticity generated from the interaction between the induced
Stokes layer and intrinsic turbulent ﬂow in the near-wall region can make the longitudinal vortices
tilt and oscillate, and leads to turbulence suppression and drag reduction. c© 2012 The Chinese
Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1201205]
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Drag-reduction control of turbulent ﬂow on bodies
has attracted considerable engineering interest due to
their potential beneﬁts, particularly with regard to en-
ergy savings.1 A wide variety of experimental and, more
recently, numerical studies have been performed to ex-
plore eﬃcient and feasible control techniques for turbu-
lent drag reduction.2 Among the available ﬂow control
techniques, Lorentz force has been studied extensively,
which can induce motion in electrically conducting ﬂu-
ids (such as sea water), and might then lead to turbu-
lence suppression and drag reduction. It is possible to
carry out many diﬀerent types of Lorentz force control
by simply rearranging the electrodes and the magnets.3
Early experimental works by Henoch et al.4 and
Nosenchuck et al.,5 as well as more numerical stud-
ies by Crawford et al.6 suggested that no signiﬁcant
drag reduction can be obtained if the Lorentz force
was imposed along the wall–normal direction or stream-
wise direction. Then, some work using the Lorenz
force created along the spanwise direction has been
carried out.3,7–10 The “equivalent spanwise-wall veloc-
ity” deﬁned by W+ = St · T+/(2πReτ ) was intro-
duced to demonstrate the eﬀects of the oscillation am-
plitude and period, where St is nondimensional magni-
tude of Lorentz force, T is the period of the oscillation,
T+ = Tu2τ/ν (uτ is the wall shear velocity and ν is
the kinematic viscosity of the ﬂuid), Reτ is Reynolds
number based on uτ . The calculated and experimental
results3,9 indicated that drag reduction can be achieved
when W+ is the optimal condition. A recent investi-
gation carried out by Mei et al.11 both experimentally
and numerically further conﬁrmed above results.
This paper focuses on the drag reduction mecha-
a)Corresponding author. Email: bcfan@mail.njust.edu.cn.
nism in turbulent channel ﬂow subjected to spanwise os-
cillating Lorentz force. The dynamic response of span-
wise vorticity and streaks to Lorentz forcing excitation
based on the calculated data is discussed. Qualitatively
similar experimental results are also employed to eluci-
date the eﬀects of the spanwise oscillating Lorentz force
on a turbulent ﬂow.
A schematic diagram of the actuator has been illus-
trated in Fig. 1(a). Permanent magnets and electrodes
are lined up in the spanwise direction alternately, where
S and N denote the south and north polarity of the
magnets, respectively, while + and - denote electrodes
energized with alternating polarity. Figure 1(b) shows
the photograph of the test plate composed of 6 mm
wide magnet and copper electrode, which covers the
streamwise distance of 305 mm and spanwise distance
of 190 mm. By switching the polarity of electric current,
the direction of the created spanwise Lorentz force can
be altered periodically.
The experiment was carried out in a plexi-
glass water tunnel with an observation section of
1 300 mm× 300 mm× 290 mm, as shown in Fig. 2(a).
The working medium is salt water with a concentration
of 3%. The central line velocity of the observation sec-
tion is set at 0.057 m/s. The drive voltage of the direct
current is 12.9 V, with the oscillating frequency set at
0.9 Hz. The “equivalent spanwise-wall velocity” equals
approximately 11.
The wall shear stress was measured by a ﬂoat bed.
The test plate equipped with electro-magnetic actua-
tors was placed in the surface of the ﬂoat bed which was
hung in the observation section of the water tunnel, and
kept ﬂush to the wall surface, as shown in Fig. 2(b).
During the experiment, the ﬂoat bed had a displace-
ment along the ﬂow direction under the action of wall
shear stress, which can be measured by a displacement
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Fig. 1. (a) Schematic diagram of the actuator. (b) Test plate equipped with electro-magnetic actuators.
Fig. 2. (a) Observation section of the water tunnel. (b) Float bed equipped with the test plate.
Fig. 3. Schematic diagram of the computational domain.
transducer.
The evolution of the streaks in the near-wall region
was recorded through a PIV system. A double-pulsed
YAG laser system was used for the sequential genera-
tion of the laser pulses. The light sheet was parallel to
the surface of the ﬂoat bed. The ﬂuid motion in the
illuminated region was made visible by seeding the ﬂow
with kaolin tracer particles. The images of these parti-
cles were captured via a CCD camera, aligned normal
to the laser sheet.
The computational domain adopted here is Lx =
4πh/3, Ly = 2h, Lz = 2πh/3, in the streamwise, nor-
mal, and spanwise directions, respectively, as shown in
Fig. 3. The spanwise oscillating Lorentz force is applied
at the lower wall of the channel.
The ﬂow is governed by the incompressible Navier-
Stokes equations with imposed Lorentz force term writ-
ten as
∂u
∂t
+ u · ∇u = −∇p
ρ
+ ν∇2u+ F
ρ
, (1)
∇ · u = 0. (2)
Where u is velocity vector, p is the pressure, ρ is the
ﬂuid density, F is the Lorentz force given by
F = J ×B, (3)
and
J = σ(E + u×B), (4)
where B is the magnetic ﬂux density, J is the electric
current density, σ is the electrical conductivity of the
ﬂuid, E is the electric ﬁeld. For permanent magnets
and low conductivity ﬂuids like sea water, u×B can be
negligible, since the load factor, ‖E‖ / ‖u×B‖, is much
greater than 1.3 Thus, the resulting force distribution
can be written as Eq. (5), which can then be directly
added as a body force term to the right-hand side of the
Navier–Stokes equations.
F = σ(E ×B) (5)
The governing equations are replaced in the follow-
ing nondimensional form using the central line velocity
Uc, the channel half-width h, the electric current density
and magnetic ﬁeld values at the electrode and magnet
surfaces, J0 and B0, respectively.
∂u
∂t
+ u · ∇u = −∇p+ 1
Re
∇2u+ f , (6)
∇ · u = 0. (7)
Where, Re is the Reynolds number, f is the Lorentz
force per unit mass given by
f = (0, 0, fz), (8)
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Fig. 4. Time history of mean skin-fraction drag for simula-
tions with diﬀerent W+.
and
fz = Ae
−y/Δ sin
(
2π
T
t
)
. (9)
Here, A= σE0B0h/(ρU
2
c ) = St(uτ/Uc)
2 is the oscilla-
tion amplitude, Δ is the eﬀective penetration of the
Lorentz force, and t is the time.
The numerical method adopted here to solve
Eqs. (6) and (7) is based on standard Fourier-Chebyshev
spectral method.12 At the wall, the usual no-slip con-
ditions are applied, and the periodic conditions are im-
posed for the homogeneous directions. A grid size of
64× 65× 32 is adopted in the streamwise, normal, and
spanwise directions, respectively. The grid spacing is
uniform in the homogeneous directions, and the ﬁrst
grid point from the wall lies at Δy+ = 0.2 and the maxi-
mum spacing in normal direction is about Δy+ = 8.6 at
the centre of the channel. Here, the superscript + indi-
cates quantities in wall units. The time advancement is
carried out by using a semi-implicit back-diﬀerentiation
formula method with third-order accuracy. More details
refer to the author’s previous work (Ref. 13).
The longitudinal ﬂow rate is kept constant during
the simulations, the bulk mean velocity Um is equal to
2/3Uc, and corresponding Reynolds number is Rem =
2666. The simulation is performed from t = 0 s to
1 000 s. Flow control begins at t = 200 s, when the ini-
tial disturbance induced for obtaining a fully developed
turbulence has been basically eliminated. And then the
turbulence statistics are performed from t = 500 s.
Simulation results indicate that the skin-friction
drag can be reduced signiﬁcantly by appropriate com-
binations of oscillation amplitude and period, as shown
in Fig. 4. Evidently, an optimum W+ is located at 10
to 15 under which maximum skin friction reduction can
be expected.
Therefore, an experiment was conducted with
W+ ≈ 11. Figure 5 shows the time history of skin-
friction drag reduction converted from the voltage out-
put by the displacement transducer, where ﬂow control
Fig. 5. Time history of skin-friction drag reduction obtained
from the experiment with W+ ≈ 11.
Fig. 6. Distributions of spanwise vorticity for the simulation
with W+ = 11.8 at z+ = 180: (a) no control; (b) and (c)
maximum positive and negative Lorentz force, respectively.
turns on at t = 20 s. A mean drag reduction of approx-
imately 8% is obtained after control.
Figure 6 illustrates the instantaneous distributions
of spanwise vorticity in the x-y plane near the wall,
where the white and black areas represent, respectively,
positive and negative values of spanwise vorticity. For
an uncontrolled ﬂow, Fig. 6(a), the white and black ar-
eas appear in the streamwise direction alternately. For a
Fig. 7. Proﬁles of mean streamwise velocity for the simula-
tion with W+ = 11.8.
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Fig. 8. Distributions of the streaks at y+ = 10: (a) and (d) no control; (b) and (e) maximum positive Lorentz force; (c)
and (f) maximum negative Lorentz force. The ﬁrst row corresponds to the simulation with W+ = 11.8 and the second row
corresponds to the experiment with W+ ≈ 11.
ﬂow controlled by the spanwise oscillating Lorentz force,
Figs. 6(b) and 6(c), the appearance probability of the
black areas in the near-wall region is signiﬁcantly higher
than the white one, suggesting that a net negative span-
wise vorticity is created which is concentrated around
y ≈ −0.92 (corresponding to y+ ≈ 15).
The calculated proﬁles of mean streamwise velocity
are shown in Fig. 7, where the solid line denotes the un-
controlled case, and the dashed line represents the con-
trolled case. The circle with an arrowhead shows the
spanwise vorticity created by the periodic oscillatory
Lorentz force. It is shown that the mean velocity gra-
dient near the wall (y+ < 15) is reduced, which implies
that the turbulent skin-friction drag can be reduced by
the created spanwise vorticity.
Figure 8 illustrates the distributions of the streaks
near the wall, where (a)–(c) are calculated results with
W+ = 11.8, and (d)–(e) correspond to experimental
results with W+ ≈ 11 recorded by the PIV system.
The white areas represent high-speed streaks, while the
black areas represent low-speed streaks. The experi-
mental results are consistent with the calculated results
qualitatively. As the positive Lorentz force reaches a
maximum value, the streaks are tilted upwards into the
positive spanwise direction, as shown in Figs. 8(b) and
8(e). As the negative Lorentz force reaches a maximum
value, on the other hand, the streaks are tilted down-
wards into the negative spanwise direction, as seen in
Figs. 8(c) and 8(f). The tilting of the near-wall streaks
can disrupt the process of turbulence production in the
turbulent boundary layer, subsequently reducing the in-
tensity of the turbulence production.2
To summarise, Calculations and experiments are
performed to investigate the control eﬀects of the span-
wise oscillating Lorentz force on a turbulent channel
ﬂow. The drag reduction can be achieved by the span-
wise oscillating Lorentz force with an optimum W+.
In the control, a negative spanwise vorticity is gener-
ated by the spanwise oscillating Lorentz force, which
can make the streaks tilt and oscillate, and reduces the
mean velocity gradient of the near-wall boundary layer,
resulting in the reduction of turbulent skin-friction drag.
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